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HIGHLIGHTS 


►  The  effect  of  high  temperature  on  the  Li— S  cell  performance  was  investigated. 

►  When  operating  at  70  °C  the  cells  demonstrated  the  best  rate  capability  and  capacities. 

►  SEM/EDS  studies  revealed  thicker  SEI  on  the  Li  anode  surface  at  higher  temperatures. 

►  Thicker  SEI  prevented  polysulfides  diffusion  and  their  irreversible  reduction  into  Li2S. 

►  The  increase  in  inorganic  components  of  the  SEI  suppressed  the  Li  dendrite  growth. 
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Lithium-sulfur  (Li-S)  chemistry  has  been  considered  for  an  alternative  future  generation  of  recharge¬ 
able  lithium  batteries  because  of  its  higher  theoretical  capacity,  safer  operation  and  lower  material  cost. 
Here,  we  report  on  the  impact  of  temperature  on  Li-S  cell  performance.  The  Li-S  coin-cells  were 
prepared  by  using  S  infiltrated  vertically  aligned  carbon  nanotube  arrays  (S-CNT)  as  cathodes  and  lithium 
metal  foils  as  anodes.  The  cells  were  operated  at  25,  50,  70  and  90  °C.  Higher  temperature  operation 
resulted  in  higher  specific  capacity,  better  rate  capability  and  more  stable  performance.  Scanning  elec¬ 
tron  microscopy  (SEM),  energy  dispersive  spectroscopy  (EDS)  and  electrochemical  impedance  spec¬ 
troscopy  (EIS)  studies  reveal  the  major  impact  of  temperature  on  the  solid  electrolyte  interphase  (SEI)  on 
Li  foil.  Thicker  SEI  with  higher  content  of  inorganic  phase  formed  at  elevated  temperatures  greatly 
reduced  both  the  dendrite  formation  and  the  capacity  fading  resulted  from  the  irreversible  losses  of  S.  At 
70  °C  specific  capacities  up  to  ~  700  mAh  g  1  were  achieved  at  an  ultra-high  current  density  of  3.3  A  g  '. 
At  90  °C  and  the  same  current  density  Li— S  cells  showed  an  average  capacity  of  ~400  mAh  g  1  and 
stable  performance  for  over  150  cycles. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  (LiBs)  have  being  serving  as  power  sources 
for  various  portable  devices  such  as  laptops,  smart  phones  and 
electric  vehicles.  However,  ever-rising  power  demands  for  these 
devices  have  surpassed  the  current  technology  of  LiB.  The  specific 
energy  of  the  commercialized  LiB  has  become  insufficient  due  to 
the  relatively  low  capacity  of  the  electrode  materials  [1]  and  the 
growth  in  the  energy  density  of  LiB  has  reached  the  stagnation. 

In  order  to  increase  the  energy  density  of  the  LiB,  new  electrode 
materials  with  higher  gravimetric  and  volumetric  capacities  should 
be  developed  [2—7],  There  have  been  some  improvements  in  the 
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developments  of  high  capacity  silicon  (Si)-based  anodes,  which 
offer  over  several  times  higher  capacity  than  the  traditional 
graphite  anodes  and  are  produced  of  similarly  low  cost  and  abun¬ 
dant  materials  [8-18],  To  maximize  the  advantages  of  Si-based 
anodes,  however,  one  needs  to  develop  cathode  materials  with 
comparably  high  volumetric  capacity.  Such  developments, 
however,  have  shown  smaller  progress. 

Sulfur  (S)-based  materials  are  considered  to  be  attractive 
candidates  for  the  next  generation  cathodes  due  to  the  very  low 
cost  and  abundance  of  S  in  nature  combined  with  enhanced  safety 
associated  with  the  use  of  low-voltage  cathode  materials  [19—36]. 
Sulfur  offers  very  high  theoretical  gravimetric  capacity  of 
1672  mAh  g~\  which  is  an  order  of  magnitude  higher  than  state  of 
the  art  commercial  electrodes.  The  volumetric  capacity  of  S-based 
electrodes  depends  on  the  electrode  microstructure  and  porosity, 
but  even  if  S  occupies  33%  of  the  electrode  volume  (the  rest  being 
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reserved  for  the  carbon  additives  and  the  pre-existing  porosity)  and 
the  S  utilization  is  90%,  it  may  easily  approach  ~  1000  mAh  cc_1, 
which  is  about  two  times  higher  than  that  of  commercial  cathodes. 

Yet  there  are  several  challenges  preventing  commercialization 
of  S  cathodes  for  the  next  generation  lithium  batteries.  The  largest 
challenge  is  an  extensive  capacity  degradation  occurring  during 
cycling  because  of  the  high  solubility  of  some  of  the  polysulfides 
(such  as  L^Sg  or  Li2S4,  reaction  intermediates  during  discharge)  in 
electrolytes  [23,35,36],  This  dissolution  also  leads  to  the  self¬ 
discharge  and  to  the  eventual  precipitation  of  electrically  insu- 
lative  and  insoluble  U2S2  and/or  Li2S  onto  the  surface  of  both 
electrodes  during  the  battery  operation,  which  commonly  further 
limits  the  cell  performance.  Such  deposits  may  contribute  to  the 
permanent  losses  of  the  active  material  (Li  and  S)  and  to  the 
increased  ionic  resistance  of  the  cell,  as  the  deposits  partially  block 
the  ion  transport.  The  dissolution  of  polysulfides  and  their  re¬ 
deposition  on  the  cathode  surface  is  often  referred  to  as 
a  “shuttle  mechanism”  [23,37],  While  the  cathode  dissolution  is 
often  considered  to  be  highly  undesirable,  a  well-controlled 
“shuttle  mechanism”,  involving  fully  reversible  dissolution  and 
re-deposition  of  polysulfides  on  the  surface  of  conductive  cathodes 
could  be  a  viable  option  if  a  barrier  could  be  built  to  prevent 
polysulfides  from  reaching  the  anode  and  forming  insoluble 
precipitates. 

Another  challenge  is  highly  electronically  insulating  properties  of 
S,  which  require  the  uniform  introduction  of  electrically  conductive 
material,  such  as  carbon  and  conducting  polymers,  into  the  elec¬ 
trode  in  order  to  improve  the  utilization  of  S  [19-21,24,28-35], 

Finally,  Li-free  low-voltage  cathodes  require  the  use  of  Li- 
containing  low-voltage  anodes,  which  may  increase  the  overall 
cost  of  LiB  production  because  of  the  need  to  use  more  expensive 
production  facilities.  The  use  of  metal  Li  as  an  anode  does  carry 
some  benefits  too.  Its  low  potential  and  very  high  volumetric 
and  gravimetric  capacities  can  maximize  the  energy  density  of 


lithium— sulfur  (Li— S)  cells.  In  conventional  LiBs,  Li  anodes  are 
never  used  because  they  form  dendrites  during  repeated  Li  plating- 
dissolution  cycles,  which  eventually  result  in  an  internal  short 
circuit.  With  S  cathodes,  however,  some  of  such  issues  can  be 
mitigated.  The  formation  of  electrically  isolative  Li2S  may  self-limit 
the  short  circuit  reaction  processes,  while  some  of  the  polysulfides 
deposited  on  Li  may  suppress  the  dendrite  formations. 

Many  of  the  key  Li-S  processes  governing  the  cell  performance, 
including  the  polysulfide  dissolution  rate,  the  ionic  transport  and 
the  solid  electrolyte  interphase  (SEI)  on  the  Li  foil,  shall  be  ther¬ 
mally  activated.  Surprisingly,  we  could  not  find  any  systematic 
studies  on  the  effects  of  cell  operating  temperature.  Therefore,  in 
this  work  we  were  interested  to  reveal  how  this  temperature  may 
impact  the  performance  of  Li  foil-S  cells,  where  the  dissolution  of 
the  polysulfides  is  not  restricted  by  S  incorporation  in  a  porous 
matrix  [24,29,38,39]  or  by  surface  coating  of  S  particles  with 
various  barriers  for  solvent  and  polysulfide  molecules.  In  order  to 
achieve  high  electrical  connectivity  within  the  S  electrode,  we  have 
utilized  vertically  aligned  carbon  nanotubes  (VACNTs),  which  have 
recently  shown  great  promises  for  high  capacity  anodes  [40]  and 
cathodes  [41  ]  due  to  their  excellent  thermal  and  electrical  prop¬ 
erties.  In  addition,  high  porosity  of  the  VACNTs  allow  for  uniform 
deposition  of  the  active  material.  Due  to  high  strength  and  excel¬ 
lent  mechanical  properties  of  CNTs,  the  compression  of  the  VACNT- 
based  electrodes  to  achieve  higher  volumetric  capacity  does  not 
induce  cracks  or  any  other  undesirable  mechanical  defects. 

We  observed  the  in-situ  formation  of  a  protective  coating  on  a  Li 
foil  anode  at  elevated  temperatures  of  70-90  °C.  At  90  °C,  the  Li-S 
cells  with  ~50  pm  thick  compressed  VACNT/S  electrodes  could  be 
charged  and  discharged  within  6  min,  while  maintaining  average 
capacity  in  the  range  of  ~400  mAh  g-1  and  showing  cycle  life 
stability  in  excess  of  150  cycles.  The  combination  of  high  capacity, 
high  rate  performance  and  moderately  high  stability  of  the  thick 
VACNT/S  electrodes  is  unprecedented.  While  higher  cycle  stability 


Fig.  1.  Electron  microscopy  of  S-CNT  cathode,  (a)  SEM  micrograph  of  the 
micrograph,  (c,  d)  SEM  micrographs  of  the  top  of  the  electrode  recorded  at 


i.  (b)  EDS  mappir 


rimposed 


SEM 


258 


H.  Kim  et  al.  /  Journal  of  Power  Sources  226  (2013)  256-265 


is  strongly  desired,  our  results  additionally  suggest  a  promise  of  an 
approach  to  form  protective  coatings  on  Li  foil  anodes  in-situ  at 
elevated  temperatures. 

2.  Experimental 

VACNTs  were  grown  by  a  chemical  vapor  deposition  (CVD) 
process  at  850  °C  using  acetylene  gas  as  a  precursor,  iron  chloride  as 
a  catalyst  and  quartz  as  a  substrate,  as  earlier  described  [40,42],  The 
5  min  deposition  process  yields  VACNT  forest  of  ~250  pm  in 
thickness.  The  produced  VACNTs  have  then  been  transferred  to 
a  nickel  (Ni)  foil  current  collector  using  a  polyvinylidene  fluoride 
(PVDF)  adhesive  interlayer,  which  was  then  carbonized  at  700  °C 
(under  compressive  stress  applied  to  the  VACNT/PVDF/Ni  sand¬ 
wich)  to  improve  the  thermal  stability  of  the  CNT/Ni  interface.  This 
procedure  decreased  the  VACNT  electrode  thickness  and  increased 
its  density  by  around  five  times. 

In  our  initial  studies  we  attempted  to  infiltrate  VACNT  elec¬ 
trodes  with  S  using  a  repeated  solution  infiltration  procedure  [19], 
This  method,  however,  did  not  allow  us  to  achieve  the  desired 
composite  uniformity  within  the  electrode  thickness.  Much  better 
results  were  achieved  by  dipping  the  VACNT  electrodes  in  a  molten 
S.  The  excess  of  S  from  both  the  electrode  surface  and  from  the  bulk 
was  removed  by  heating  the  electrode  at  250  °C  in  air.  The  S 
evaporation  time  was  adjusted  to  achieve  3:1  mass  ratio  of  S:C.  We 
estimate  the  statistical  error  in  the  mass  measurements  to  be  ~  7%. 

The  coin-cells  were  assembled  with  the  1  M  bis(triflourometha- 
nesulfonyl)imide  (LiTFSI)  in  dimethoxyethane  (DME):l,3-dioxane 
(DIOX)  (1:1,  v:v)  [Alfa  Aesar,  99% ]  as  an  electrolyte,  celgard2325 
(Celgard,  USA)  separator  and  pure  Li  foil  [Alfa  Aesar,  99.9%]  anode. 
0.2  M  LiN03  [Alfa  Aesar,  99.99%]  was  introduced  to  the  electrolyte 
as  an  additive  to  improve  the  coulombic  efficiency  [43],  The  elec¬ 
trodes  (mass  loading  of  ~1  mg  cm  2)  were  dried  at  50  °C  under 
vacuum  overnight  before  assembly  into  coin-cells.  The  cells  were 
equilibrated  for  24  h  before  operation. 

Electrochemical  experiments  were  performed  with  Arbin 
battery  test  system  (Arbin  Instruments,  USA).  The  coin-cells  were 
assembled  inside  an  Ar  glove  box  (<1  ppm  of  H2O,  Innovative 
Technologies,  USA)  and  cycled  between  3.0  V  and  1.2  V  vs  Li/U+  (V) 
in  galvanostatic  mode.  The  cells  were  evaluated  with  different 
C-rates  at  C/10,  C/5,  C/2, 1C,  2C,  5C  and  10C,  and  then  the  durability 
test  was  continued  at  2C  for  400  cycles.  The  C-rates  are  calculated 
based  on  the  mass  of  sulfur  using  a  theoretical  capacity  of 
1672  mAh  g_1.  AC  impedance  was  carried  out  with  Solartron  1480 
(Solartron  Analytical,  USA).  The  frequency  of  the  impedance 
measurements  ranged  from  1  FIz  to  106  Hz  with  an  AC  signal 
amplitude  of  10  mV. 

The  morphology  of  the  Li  foils  and  VACNT/S  electrodes  after 
cycling  at  different  temperatures  were  characterized  by  Nova  200 
NanoLab  (FEI,  USA)  at  a  beam  voltage  of  5  kV  and  a  working 
distance  of  4  mm.  After  cycling  the  cells  were  opened  inside  the 
glove  box  with  <1  ppm  water  and  the  electrodes  were  washed  with 
dimethyl  carbonate  (DMC)  to  remove  residual  salts  and  electrolyte. 
The  samples  were  transferred  from  a  glove  box  to  the  analysis 
chamber  in  a  sealed  pouch  bag.  The  air  exposure  time  was  mini¬ 
mized  to  ~3  min.  Energy  dispersive  X-ray  spectroscopy  (EDS)  was 
carried  out  with  Zeiss  Ultra60  FE-SEM  to  investigate  the  uniformity 
of  S  infiltration  into  VACNTs  and  to  study  the  changes  in  the  surface 
chemistry  of  the  Li  anode  after  cycles  on  around  1800  x  1200  pm2 
analysis  area. 


C/10  C/5  C/2  1C  2C  5C  10C 

C-rate 


Fig.  2.  Discharge  capacity  of  S-CNT  cathode  as  a  function  of  C-rate  and  testing 
temperature.  The  capacity  is  normalized  by  the  weight  of  S. 


3.  Result  and  discussion 

The  first  issue  in  the  fabrication  of  VACNT/S  composite  cathodes 
was  to  obtain  uniform  S  distribution  through  the  carbon  matrix. 


Specific  capacity  (mAh/g) 

Fig.  3.  Charge-discharge  characteristics  of  an  Li — S  battery  cell:  (a)  A  typical  voltage 
profile  corresponding  to  a  cell  discharge  and  (b)  the  effect  of  temperature  on  the  shape 
of  the  charge/discharge  profiles  at  C/5. 
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Agglomerates  of  S  can  prevent  lithium  ions  from  transporting 
through  the  electrode.  In  addition,  large  S  particles  and  their 
agglomeration  may  lack  the  sufficient  electrical  conductivity 
needed  for  electrochemical  reactions.  SEM  microscopy  showed  an 
average  CNT  diameter  of  ~  50  nm  and  very  high  uniformity  of  the 
VACNT/S  electrodes.  No  agglomerates  and  no  S  particles  larger  than 
500  nm  were  visible.  Fig.  1  a  shows  an  example  of  SEM  micrograph 
of  the  cross-section  of  the  prepared  VACNT/S  cathode.  The  S  infil¬ 
tration  process  and  the  attachment  of  the  VACNT/S  electrode  to  a  Ni 
current  collector  under  pressure  evidently  reduced  the  electrode 
thickness  from  ~250  |im  (height  of  the  as-grown  VACNTs)  to 
~50  pm.  The  uniformity  of  S  infiltration  was  confirmed  by  EDS 
mapping  (Fig.  lb).  The  majority  of  S  nanoparticles  has  an  intimate 
contract  with  CNTs  and  is  of  20-100  nm  in  diameter  (Fig.  lc,  d).  The 
uniform  S  distribution  (Fig.  lb,  c)  and  the  uniform  porosity  of  the 
produced  electrodes  shall  be  beneficial  for  high  rate  performance. 

Fig.  2  summarizes  the  electrochemical  rate  testing  in  half  cells  as 
a  function  of  temperature.  At  the  slowest  C-rate  of  C/10,  the 
capacity  of  the  VACNT/S  cathode  approached  960  mAh  g-1  at  25  °C. 
However,  upon  increasing  the  temperature  to  50—90  °C,  the 
capacity  was  almost  doubled  and  reached  the  theoretical  value  at 
90  °C.  Such  a  dramatic  effect  of  temperature  could  be  explained  by 
the  greatly  improved  ion  transport  at  elevated  temperatures.  Here 


Cycle  number 

Fig.  4.  The  cycle  stability  of  CNT-S  cathodes  tested  at  2C  current  density  at  25  and 
50  °C:  (a)  the  first  50  cycles,  (b)  the  first  150  cycles.  The  capacity  is  normalized  by  the 
weight  of  S. 


we  would  like  to  clarify  that  the  capacity  retention  with  increasing 
current  density  (increasing  “C”-rate)  was  performed  on  the  same 
electrode  at  a  fixed  temperature  in  a  series  of  charge-discharge 
tests.  As  a  result,  Fig.  2  shows  a  combined  effect  of  both  the 
stability  of  the  cathodes  and  its  capacity  retention  with  increasing 
current  density.  We  would  like  to  further  clarify  that  the  overall  rate 
capability  of  the  tested  cells  is  limited  not  only  by  the  ion  and 
electronic  transport  with  the  cathode,  but  also  by  the  Li  transport 
through  the  solid  electrolyte  interphase  (SEI)  layer  on  Li  and  the 
overall  Li  dissolution/plating  kinetics. 

We  expect  the  electrical  connectivity  within  the  cathode  to  be 
relatively  independent  on  temperature.  With  increasing  tempera¬ 
ture  several  competing  processes  may  take  place.  On  one  hand  we 
expect  faster  ion  transport  through  both  the  cathode  and  the  SEI  on 
Li  foil.  This  shall  increase  the  cell  rate  performance.  On  the  other 
hand,  higher  temperature  may  also  lead  to  faster  rate  of  undesirable 
reactions,  such  as  cathode  dissolution  and  formation  of  S-based 
precipitates  on  the  surface  or  within  the  SEI  layer.  This  will 
contribute  to  both  the  capacity  fading  and  increasing  the  ionic 
resistance,  which  shall  reduce  the  rate  performance. 

The  rate  capability  of  the  cells  tested  at  all  temperatures  was 
moderately  good.  Increasing  the  current  density  from  “C/10” 
(167  mA  gs' )  to  “1C"  (1672  mA  gs ')  in  cells  tested  at  25  and  50  °C 
showed  retention  of  55-57%  of  capacity.  However,  further 
increasing  current  density  to  “10C”  ( ~  17  A  gs 1 )  allowed  extraction 
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of  only  5—10%  of  the  total  capacity  at  these  temperatures.  Inter¬ 
estingly,  the  higher  temperature  of  50  °C  showed  lower  capacity  at 
the  highest  current  density.  Since  higher  temperature  may  only 
increase  the  ion  transport,  these  results  suggest  building  a  thicker 
layer  of  ionically  resistive  material  on  the  Li  foil  anode  at  50  °C 
Increasing  temperature  to  70  °C  resulted  in  the  best  rate  capability, 
with  ~60%  maximum  capacity  at  “1C”  and  ~30%  at  “10C”.  The 
demonstrated  capacity  of  470  mAh  gs  1  at  ultra-high  current 
density  of  ~  17  A  gs 1  indicate  a  high  promise  of  the  Li-S  chemistry 
to  achieve  a  combination  of  the  ultra-high  specific  capacity  and 
rapid  discharging  capability.  At  this  temperature  an  optimum 
balance  of  high  ionic  conductivity  and  moderately  thick  precipitate/ 
SEI  layer  on  Li  was  achieved.  Increasing  the  temperature  further  to 
90  °C  showed  only  30  and  ~20%  capacity  retention  at  these  rates, 
respectively. 

To  better  understand  the  effect  of  temperature,  the  charge- 
discharge  voltage  profiles  of  the  Li-S  cells  were  investigated  in 
Fig.  3.  It  is  known  that  the  Li— S  battery  shows  two  plateaus  during 
discharge  process  (Fig.  3a)  [23,35].  First  upper  plateau  at  ~2.4  V 
(vs.  Li/Li+)  is  believed  to  correspond  to  the  redox  reaction  of  high- 
order  polysulfides  soluble  in  the  electrolyte  (L^Sx,  4  <  X  <  8,  Fig.  3a 
region  I),  and  the  second  major  plateau  at  ~2.0  V  is  believed 
to  correspond  to  the  conversion  of  high-order  to  insoluble  low- 
order  polysulfides,  LhS2  (Fig.  3a  region  II)  and  finally  to  L^S 
(Fig.  3a  region  III). 


100  125  150 


Increasing  temperature  from  25  to  50  and  70  °C,  the  capacity 
increased  mostly  due  to  the  longer  second  plateau  at  2.1  V  (Fig.  3b), 
suggesting  increasing  ability  to  achieve  higher  degree  of  lithiation 
with  increasing  diffusion  coefficient  of  Li  in  polysulfides.  Increasing 
the  temperature  also  gradually  increased  the  length  of  the  region  III 
(Fig.  3b).  If  this  region  represents  the  transformation  of  both  the 
insoluble  Li2S2  and  soluble  higher  order  polysulfides  to  insoluble 
Li2S,  this  finding  may  indicate  increased  content  of  the  lower 
potential  L^S  phase  with  increasing  temperatures.  Interestingly, 
further  temperature  increase  to  90  °C  (Fig.  3b)  reduces  region  II  and 
increases  region  III  (Fig.  3a).  Such  behavior  may  be  linked  to  the  fast 
dissolution  of  the  soluble  polysulfides  at  such  high  temperature 
(thus  smaller  plateau)  and  earlier  formation  of  the  insoluble  Li2S  on 
the  cathode  surface,  which  lowers  its  overall  cathode  potential.  This 
rapid  formation  of  L^S  upon  Li  insertion  into  S  may  have  both 
positive  and  negative  consequences.  On  one  hand,  the  low  average 
discharge  voltage  of  an  Li-S  cell  with  five  separate  plateaus 
observed  at  90  °C  lowers  its  energy  density.  On  the  other  hand,  if 
the  formation  of  insoluble  phases  is  enhanced,  the  cell  stability  and 
cycle  life  may  be  increased. 

The  voltage  hysteresis  between  the  charge  and  discharged 
plateau  (Fig.  3b,  region  II)  correlates  with  the  cell  rate  performance 


0  100  200  300  400  500  600  700 

Specific  capacity(mAh/g) 


Specific  capacity(mAh/g) 

Fig.  7.  Changes  in  the  charge-discharge  profiles  of  the  CNT-S  cathodes  recorded  at  2C 
current  density  with  cycling  at  different  temperatures:  (a)  70  °C  and  (b)  90  °C.  The 
capacity  is  normalized  by  the  weight  of  S. 
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(Fig.  2).  The  largest  hysteresis  indicative  of  the  highest  IR  losses 
(largest  resistance)  of  0.32  V  is  observed  in  a  50  °C  cell  and  the 
smallest  hysteresis  of  0.18  V  is  observed  in  a  70  °C  cell  (Fig.  3b), 
supporting  previously  discussed  hypothesis  on  the  impact  of 
temperature  on  the  formation  of  precipitates/SEl  on  Li  anode. 

The  cycle  durability  of  the  cells  at  elevated  temperatures  at 
a  fixed  C-rate  of  2C  is  shown  in  Figs.  4—6.  At  room  temperature  and 
at  50  °C  cells  rapidly  degrade  starting  from  the  first  cycle.  Less  than 
50%  of  the  initial  capacity  is  left  after  50  cycles  and  only  5-10%  after 
150  cycles  (Fig.  4).  However,  cells  tested  at  70  °C  not  only  demon¬ 
strated  higher  specific  capacity  and  better  rate  capability  (Fig.  2), 
but  also  more  stable  performance  (Fig.  5).  In  fact,  one  of  the  tested 
cells  showed  virtually  no  degradation  within  the  first  50  cycles 
(Fig.  5a).  Increasing  the  cell  testing  temperature  further  to  90  °C 
even  better  cycle  stability  was  observed  (Fig.  6).  While  the  cells 
showed  low  capacity  and  degradation  at  the  initial  cycles,  the 
prolonged  cycling  revealed  a  self-healing/self-improving  behavior. 
After  initial  decline  in  the  specific  capacity  for  the  first  5-20  cycles, 
these  cells  showed  gradually  increasing  capacity  till  over  130-150 
cycles.  After  100  cycles,  specific  capacity  in  the  excess  of 
400  mAh  gs 1  was  achieved.  Such  a  behavior  was  rather  surprising 


because  the  cathode  dissolution  rate  should  be  accelerated  at 
elevated  temperatures.  Clearly  some  stabilization  mechanism 
should  be  acting  to  counter-balance  the  irreversible  cathode 
dissolution  and  the  continuous  formation  of  Li2S2  and/or  L^S 
deposits  on  the  Li  anode  surface  at  elevated  temperatures. 

In  Fig.  7,  the  voltage  profiles  during  cycles  of  the  VACNT/S 
electrodes  at  70  and  90  °C  are  compared.  The  typical  second  plateau 
at  70  °C  disappeared  as  the  capacity  decreased  during  cycling 
(Fig.  7a).  At  90  °C,  in  contrast,  a  plateau  found  at  1.5  V  (Fig.  3)  was 
clearly  visible  after  100  and  150  cycles  (Fig.  7b).  From  the  1st  cycle 
to  130th  cycle,  this  plateau  is  becoming  larger,  demonstrating 
higher  capacity  and  good  stability  of  the  corresponding  redox 
reactions.  However,  it  shows  noticeably  lower  reduction/oxidation 
potential  than  at  room  temperature.  The  origin  of  this  phenomenon 
is  currently  unclear  and  may  be  related  to  the  reversible  trans¬ 
formation  of  S  directly  into  a  lower  voltage  Li2S. 

In  order  to  investigate  the  impact  of  the  operation  temperature 
on  the  formation  of  the  Li2S2  and/or  Li2S  deposits  on  the  Li  foil  SE1 
we  performed  a  series  of  SEM  and  EDS  studies  (Figs.  8-10).  Figs.  8 
and  9  show  typical  morphologies  of  SEI  films  formed  on  Li  after 
cycling  at  different  temperatures.  The  noticeable  SEI  film  thickness 


Fig.  8.  SEM  micrographs  of  (a)  fresh  lithium  surface  and  the  Li  anode  after  cycling  Li/S  cells  at  (b)  25  (c)  50  (d)  70  and  (e)  90  °C. 
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was  observed  in  all  samples,  but  was  particularly  visible  at  elevated 
temperatures.  In  cells  cycled  at  70  and  90  °C  the  adhesion  between 
the  Li  metal  and  thick  SEI  was  poor.  As  a  result  of  larger  SEI  thick¬ 
ness,  weaker  adhesion,  and  larger  thermal  stresses  between  Li  and 
the  SEI  (originating  during  the  cell  cool-down  due  to  the  differ¬ 
ences  in  their  thermal  expansion  coefficients),  the  Li  anodes  of  the 
cells  tested  at  higher  temperatures  showed  higher  degree  of  SEI 
cracking  and  its  partial  delamination  from  Li.  We  acknowledge  that 
while  Li  electrode  experiences  large  strain  due  to  the  volume 
changes  throughout  the  Li  insertion/desertion  [44—46],  many  of 
the  cracks  observed  in  the  SEI  may  be  formed  not  in-situ,  but  during 
the  coin  cell  disassembling  and  SEM  sample  preparation.  The  SEI 
thickness  measured  on  delaminated  SEI  films  was  estimated  to 
grow  from  ~15  pm  at  70  °C  to  ~40  pm  at  90  °C. 


Fig.  9.  SEM  microscopes  of  Li  anode:  (a)  dendrite  structure  formed  at  25  °C,  (b) 
reduced  dendrite  formation  observed  at  90  °C,  (c)  SEI  thickness  measured  at  70  °C 


A  significant  difference  in  surface  morphology  of  SEI  on  Li  was 
found  at  different  temperatures  (Figs.  8  and  9).  In  cells  cycled  at 
25  °C,  the  SEI  has  noticeably  higher  roughness  (largest  size  of 
dendrites)  than  in  cells  cycled  at  the  higher  temperatures  (compare 
Fig.  9a  and  b).  Two  phenomena  maybe  responsible  for  the 
smoother  SEI  in  cells  cycled  at  elevated  temperatures.  First,  at 
temperatures  close  to  a  melting  point  (note  that  90  °C  or  363  K  is 
80%  of  Li  melting  point,  454  K)  high  mobility  of  atoms  commonly 
lead  to  the  greatly  reduced  formation  of  dendrites  during  reversible 
plating  of  metals.  In  fact,  liquid  metals  virtually  do  not  form 
dendrites  upon  repeated  plating  and  metal  ion  extraction  into 
liquid  electrolyte.  Second,  formation  of  a  rigid  ionically  permeable 
and  electrically  insulating  SEI  layer  on  the  Li  surface  (such  as  an  ex- 
situ  or  in-situ  formed  solid  electrolyte  layer)  should  also  greatly 
reduce  the  dendrite  formation.  High  magnification  SEM  revealed 
a  net-like  porous  structure  of  the  SEI  formed  at  90  °C  (Fig.  9b). 

The  EDS  results  shown  in  Fig.  10  clearly  indicate  the  chemical 
composition  of  SEI  is  dependent  on  a  cell  operation  temperature. 
The  SEI  is  expected  to  be  composed  of  the  electrolyte  (1  M  LiTFSI 
salt  solution  in  DIOX:DME  =  1:1  solvent  mixture  with  the  addition 
of  0.2  M  LiNC>3)  reduction  products  with  the  potential  contribution 
of  the  low-order  lithium  polysulfides  (Li2S  and  Li2S2).  From  the 
TFSP  reduction,  fluorine  and  sulfur  containing  compounds  such  as 
LiF,  LiCF3  and  Li2S204  are  commonly  produced  [47],  Aurbach  et  al. 
further  demonstrated  that  LiN03  addition  to  electrolyte  resulted  in 
the  incorporation  of  LixNOy  and  LixSOy  species  (the  last  one  via 
oxidation  of  various  S  containing  compounds)  into  Li  SEI  surface 
and  the  greatly  reduced  amount  of  Li2S  component  of  the  SEI  [47], 
The  primary  source  of  C  in  the  EDS  —  reduced  solvents;  the  sources 
of  O  —  the  products  of  electrolyte  decomposition  and  the 
unavoidable  short-term  exposure  to  and  oxidation  of  Li  anodes  in 
air  during  transferring  samples  to  the  SEM;  the  source  of  F-LiTFSI 
salt;  the  sources  of  S  include  reduction  products  of  LiTFSI  salt  as 
well  as  S  transferred  from  the  cathode  (LiS  and  Li2S).  As  increasing 
the  temperature,  more  F  and  S  and  less  O  were  detected. 

The  greatly  reduced  O  content  observed  in  cells  cycled  at  higher 
temperatures  can  be  explained  by  thicker  SEI  layer  (Figs.  8  and  9) 
and  thus  greatly  reduced  oxidation  of  Li  foil  upon  the  exposure  to 
air.  Similarly,  larger  F  and  S  content  is  expected  in  thicker  SEI  films. 
However,  higher  F/C  ratio  observed  at  higher  temperatures  indi¬ 
cates  higher  concentration  of  dense  ionically  conductive  salt 
decomposition  products  in  the  SEI  compared  to  the  concentration 
of  organic  species  originating  from  the  decomposed  solvents. 


100 


C  O  F  S 


Element 

Fig.  10.  EDS  analysis  showing  the  chemical  composition  of  the  SEI  on  the  surface  of  Li 
anode  cycled  at  different  temperatures. 
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Significantly  higher  elastic  modulus  of  inorganic  components  likely 
contributed  to  the  observed  reduction  of  Li  dendrites  on  Li  foil.  The 
formation  of  dendrites  during  cycling  is  one  of  the  biggest  obstacles 
in  the  batteries  using  Li  metal,  since  it  can  puncture  the  separator 
and  short  circuit  the  batteries.  Therefore,  the  mitigation  of  the 
dendrite  growth  by  the  in-situ  formation  of  the  rigid  SE1  layer  on  Li 
at  elevated  temperatures  could  be  an  attractive  strategy  that  could 
be  explored  to  develop  safe  Li  foil  anodes  in  commercial  cells. 
Higher  conductivity  of  the  SEI  at  higher  temperatures  likely 


counter-balanced  its  increased  thickness  (Figs.  8  and  9)  and  thus 
expectedly  higher  resistance,  contributing  to  the  high  overall  rate 
capability  of  the  high  temperature  cells  (Fig.  2). 

Since  temperature  shall  not  affect  the  relative  content  of  F  and  S 
among  the  LiTFSI  decomposition  products,  the  changes  in  the  S/F 
ratio  in  the  SEI  shall  indicate  changes  in  the  S  dissolution  with 
increasing  temperature.  In  contrast  to  our  initial  expectation  to 
observe  higher  S/F  ratio  at  elevated  temperatures,  at  which  the 
dissolution  of  S  cathodes  shall  be  the  fastest,  we  observe  very  little 


Fig.  11.  SEM  micrographs  of  S-CNT  cathode  after  cycling  at  (a,  b)  25  °C  (c,  d)  50  °C  (e,  f)  70  °C  and  (g)  90  °C. 
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2C-rate  at  50  °C.  (d)  The  change  in  impedance  after  400  cycles  at  2C-rate  at  90  °C, 


temperature  dependence  -  the  value  of  this  ratio  was  0.37  ±  0.4 
(±10%)  in  all  the  samples.  The  lowest  ratio  (0.33)  was  observed  in 
70  °C  cells.  Our  hypothesis  is  that  thicker  SEI  prevents  diffusion  of 
the  dissolved  polysulfides  onto  the  Li  surface,  while  allowing  the 
diffusion  of  smaller  Li  ions.  As  such,  thicker  SEI  prevents  the  highly 
undesirable  irreversible  reduction  and  the  precipitation  of  the 
polysulfides  into  L^S.  We  postulate  this  phenomenon  to  be 
responsible  for  longer  cycle  life  and  higher  charge/discharge  effi¬ 
ciency  of  cells  cycled  at  70  and  90  °C. 

SEM  studies  of  VACNT/S  cathodes  after  cycling  showed  a  major 
impact  of  cycling  temperature  on  the  morphological  changes 
within  the  electrodes  (Fig.  11).  At  25  °C,  only  a  small  amount  of 
reaction  products  were  left  on  the  electrode  surface,  as  this  S  was 
lost  irreversibly  on  Li  anode  during  cycling.  At  50  °C,  spherical 
shaped  LiS  and/or  L^S  covered  all  over  the  top  surface  of  the 
electrode,  which  likely  explains  its  fast  capacity  degradation 
(Fig.  4).  Indeed,  the  dissolved  polysulfide  during  discharging  must 
have  diffused  back  and  re-deposited  primarily  on  the  electrode  top 
surface  (Fig.  4d),  blocking  the  access  of  the  electrolyte  to  the  bulk  of 
the  electrode  and  thus  lowering  sulfur  utilization.  At  the  highest 
temperature  of  90  °C,  the  electrode  remained  porous  and  uniform 
(Fig.  4g).  As  the  temperature  was  approaching  the  S  melting  point, 
the  S  coated  CNT  wall  surface  uniformly  and  nearly  conformably, 
which  greatly  enhanced  its  utilization.  At  this  temperature  the 
polysulfide  diffusion  through  the  bulk  of  the  CNT  electrode  and 
reversible  re-deposition  was  very  fast,  preventing  preferential 
re-deposition  at  the  top  electrode  surface.  Because  the  LiS  and  L^S 
were  re-deposited  on  the  CNT  surface  conformably,  the  electrode 


retained  pathways  for  rapid  electrolyte  access,  while  maintaining 
the  electrical  connectivity.  The  morphology  at  70  °C  showed 
a  transition  stage  between  50  and  90  °C  (Fig.  4e). 

Electrochemical  impedance  spectroscopy  (EIS)  was  performed 
to  see  the  changes  in  the  cell  resistance  with  the  temperature. 
When  Li-S  cells  were  heated  (Fig.  12a),  both  the  charge  transfer 
resistance  (Ret)  and  the  bulk  electrolyte/SEI  resistance  (Rb)  was 
decreased  probably  due  to  the  higher  ionic  conductivity  and  better 
wetting  of  the  electrolyte  through  the  electrode.  EIS  also  detects 
changes  in  the  SEI  thickness  over  time  in  cells  operating  at  different 
temperatures.  While  the  Rb  increased  slightly  by  only  1.2Q  at  50  °C, 
it  was  increased  by  ~  lOfi  at  90  °C,  as  expected  for  significant  SEI 
growth  observed  in  high  temperature  cells.  Interestingly,  while  the 
Rct  increased  at  50  °C,  the  Rct  decreased  during  90  °C  cycling,  sug¬ 
gesting  improved  SEl/wetting  behavior  on  the  S  cathode  surface  for 
a  more  facile  Li  ion  transport  within  the  cathode. 

4.  Conclusions 

Li-S  batteries  based  on  S  nanoparticles  uniformly  distributed 
within  VACNT  current  collector  array  were  operated  at  elevated 
temperatures  up  to  90  °C  in  order  to  investigate  the  effect  of  high 
temperature  on  the  cell  capacity,  rate  capability  and  cycle  durability. 
As  increasing  the  temperature,  both  the  capacity  and  rate  capability 
improved  due  to  the  high  ionic  conductivity  and  better  wetting  of 
the  electrolyte  through  the  complicated  electrode  structure.  The 
cycle  life  tests  showed  greatly  enhanced  cycle  stability  at  70  and 
90  °C  than  at  25  and  50  °C.  SEM  and  EDS  studies  revealed  formation 
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of  significantly  thicker  SEI  on  the  Li  anode  surface  at  higher 
temperatures.  The  composition  of  inorganic  components  of  this  SEI 
was  also  found  to  increase  with  increasing  temperature,  resulting  in 
the  suppression  of  the  Li  dendrite  growth.  Thicker  SEI  on  Li  pre¬ 
vented  diffusion  of  the  polysulfides  to  active  Li  surface  and  their 
irreversible  reduction  into  L^S,  which  was  suggested  to  greatly 
enhance  cell  stability.  When  operating  at  70  °C  the  cells  demon¬ 
strated  the  best  rate  capability  and  capacities  in  the  range  excess  of 
500-700  mAh  gs 1  at  the  ultra-high  current  density  of  3.3  A  gs1.  At 
90  °C  Li— S  cells  showed  initial  fading  followed  by  the  increase  in 
capacities  to  over  400  mAh  gs 1  and  stable  performance  for  150 
cycles.  To  the  best  of  our  knowledge  the  observed  combination  of 
high  capacities  and  short  charge-discharge  time  (6—7  min)  in  cath¬ 
odes  with  relatively  high  mass  loading  ( ~  1  mg  cm-2)  is  unprece¬ 
dented.  Considering  S  not  being  confined,  the  observed  stability  is 
quite  remarkable  and  this  finding  suggests  a  great  promise  of  the 
approach  to  form  a  stabilizing  SEI  on  Li  foil  in-situ. 
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